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importância	 do	 HIV-2,	 um	 vírus	 frequentemente	 negligenciado	 e	 para	 o	 qual	 as	 opções	 de	
tratamento	são	limitadas.	
Os	principais	objetivos	desta	tese	foram:	a)	caracterizar	a	atividade	do	inibidor	da	transferência	
da	 cadeia	 da	 integrase	 (INSTI)	 dolutegravir	 (DTG)	num	painel	 de	 isolados	primários	 de	HIV-2	
obtidos	 de	 pacientes	 INSTI-naïves	 e	 pacientes	 em	 falha	 terapêutica	 com	 raltegravir	 (RAL)	 e	
identificar	polimorfismos	e	mutações	de	resistência	aos	INSTIs;	b)	avaliar	a	actividade	de	den-
drimeros	polianiónicos	carbosilados	como	novos	microbicidas	anti-HIV-2;	 c)	avaliar	o	péptido	
inibidor	da	 fusão	P3	como	potencial	 candidato	a	microbicida	para	prevenir	a	 transmissão	de	
HIV	nas	mulheres.	
O	Capítulo	 1	 consiste	numa	 introdução	aos	 temas	 abordados	neste	 trabalho.	A	 epidemia	de	
HIV/SIDA	 tem	 grande	 impacto	 a	 nível	mundial,	mas	 em	 particular	 na	 África	 sub-Sariana.	 De	
grande	 importância	é	o	 facto	de,	em	algumas	 regiões	de	África,	o	número	de	mulheres	 infe-
tadas	pelo	HIV	constituir	mais	de	metade	do	número	total	de	pessoas	infetadas,	adquirindo	o	
vírus	maioritariamente	por	via	heterossexual.	Na	Secção	II	da	Introdução,	foi	compilada	infor-


























demonstraram	ser	muito	 resistentes	ao	RAL,	 confirmando	que	 terapêuticas	 com	RAL	em	pa-





resistência	 a	 este	 antirretroviral.	 A	mutação	 de	 resistência	 major	 Q148K	 foi	 encontrada	 em	
combinação	 com	a	mutação	minor	 E92A	num	 segundo	 isolado	 resistente	 ao	RAL.	Apesar	 da	
mutação	Q148K	estar	presente,	este	isolado	demonstrou	elevada	suscetibilidade	ao	DTG,	o	que	
prova	que	a	presença	desta	mutação	não	é	suficiente	para	conferir	resistência	ao	DTG,	ao	con-







aumentando	a	força	da	 ligação	 integrase-transcriptase	reversa	e	assim	 intensificando	a	retro-
transcrição.	Deste	modo,	a	 replicação	viral	aumenta,	 resultando	num	mecanismo	 indireto	de	







temente	 a	 infeção	 por	 HIV-2	 in	 vitro	 (infecção	 vírus	 célula	 e	 célula-célula).	 Os	 dendrimeros	
destabilizam	a	membrana	do	HIV-2	e	impedem	a	ligação	do	virus	aos	receptores	da	superfície	
celular,	 deste	modo	 bloqueando	 a	 infecção	 viral.	 Demonstrámos	 ainda	 que	 os	 dendrímeros	
atuam	de	forma	sinérgica	quando	usados	em	combinação	com	o	TDF	e	o	RAL.	Para	além	disso,	
demonstraram	não	ter	atividade	antimicrobiana	e	espermicida,	o	que	significa	que	não	afetam	
a	 flora	 vaginal	 nem	 o	 esperma,	 características	 desejadas	 num	 potencial	 microbicida.	 Final-
mente,	o	gel	3%	HEC-G2-S16	demonstrou	ter	um	bom	perfil	de	segurança	e	não	causou	alter-








HIV-1	 e	HIV-2.	O	 P3	 demonstrou	 ser	 estável	 e	 ativo	 na	 presença	 de	 fluidos	 corporais	 (fluido	
vaginal	e	plasma	seminal),	o	que	é	importante	para	ter	atividade	na	mucosa	vaginal.	Para	além	
disso,	o	P3	é	estável	não	só	à	temperatura	corporal,	mas	também	a	65ºC	e	a	4ºC,	temperaturas	
às	quais	este	péptido	pode	ser	 sujeito	durante	a	 sua	produção	e	armazenamento,	 respetiva-
 xi
mente.	O	P3	manteve	a	atividade	antiviral	em	ambiente	ácido,	o	que	indica	que	terá	atividade	









RAL	 para	 o	 qual	 este	 tipo	 de	 resistência	 não	 se	 desenvolveu.	 Para	 além	 disso,	 contribuímos	
para	 um	 conhecimento	mais	 aprofundado	 sobre	 as	mutações	 na	 integrase	 que	 levam	 à	 re-


























of	 the	 vagina,	was	 not	 be	 affected	 by	 the	H2O2	 produced	 by	 Lactobacillus	 and	 did	 not	 have	
spermicidal	 activity.	 Importantly,	 we	 showed	 that	 a	 P3-1.5%	 HEC	 gel	 was	 very	 effective	 at	
blocking	HIV-1	infection.	















































































































































69	 	 	 Intermittent	oral	PrEP	
70	 	 Topical	microbicides	as	PrEP	
70	 	 	 Gels	
72	 	 	 Vaginal	rings	

























































Four	groups	of	HIV-1	have	been	described	and	 represent	 three	 separate	 transmission	events	

























globally	 living	with	HIV	 [17].	 The	number	of	 people	 living	with	HIV	 continues	 to	 increase,	 in	
large	part	because	more	people	globally	are	accessing	antiretroviral	therapy	and	as	a	result	are	
living	longer,	healthier	lives	[18].	In	2015,	around	46%	of	all	people	living	with	HIV	had	access	

























































AIDS	 response	 and	 face	multiple	 inequalities	 and	 challenges	 during	 their	 life.	 In	 addition	 to	
their	greater	physiological	susceptibility	to	HIV	acquisition,	the	pervasive	social,	legal	and	eco-
nomic	disadvantages	faced	by	women	reduce	their	ability	to	protect	themselves	from	HIV	in-
























ated	 signaling	 [36].	 Four	 domains	 compose	 the	 extracellular	 region	 of	 CD4,	 D1	 to	 D4.	 Env	
gp120	binds	to	CD4	leading	to	the	formation	of	the	bridging	sheet	and	increases	the	exposure	




integral	membrane	 proteins	 with	 seven	 transmembrane	 helices,	 an	 extracellular	 N-terminus	
and	three	extracellular	loops	that	form	a	small	pocket	[44].	HIV	strains	can	be	broadly	classified	
based	on	their	coreceptor	usage.	Viruses	that	use	the	chemokine	receptor	CCR5	are	termed	R5	
HIV,	 those	 that	use	CXCR4	are	 termed	X4	HIV,	and	viruses	 that	can	use	both	coreceptors	are	
called	R5X4	HIV	 [41].	CCR5	 is	predominantly	expressed	on	the	surface	of	memory	T	 lympho-
















barriers,	 like	 distance	 between	 infected	 and	 target	 cells,	 presence	 of	 neutralizing	 antibodies	
and	 low	 viral	 infectivity	 [49].	 Syncytia	 formation,	 virological	 synapses	 and	 membrane	 nan-
otubes	are	three	different	ways	of	HIV	cell-to-cell	transmission.	
HIV	 infected	cells,	 expressing	Env	proteins	on	cell	 surface,	 can	engage	 receptors	on	adjacent	










eral	 cellular	 adhesion	molecules,	 such	 as	 LFA-1	 and	 ICAM-1	 [38,	 52,	 53]	 and	 cytoskeletal	 re-
arrangements	[54,	55].	Once	the	virological	synapse	is	established,	the	infected	cell	assembles	







occurs	 [39].	 Formation	 of	 membrane	 nanotubes	 is	 considered	 particularly	 efficient	 in	 sec-
ondary	lymphoid	tissue,	due	to	the	abundance	of	target	T	cells	[39].	
It	is	considered	that	HIV	spreads	more	efficiently	by	cell-to-cell	infection	than	by	cell-free	infec-
tion	 [38,	58,	59],	which	strongly	suggests	 that	cell-to-cell	 infection	may	have	a	critical	 role	 in	
efficient	virus	dissemination	in	infected	individuals.	Cell-to-cell	infection	allows	high	efficiency	
of	viral	delivery,	exposing	uninfected	cells	to	a	large	number	of	virions	[60-62].	The	efficacy	of	


















virus	 in	 semen	 [21,	 25,	 76].	 Seminal	 viral	 load	depends	on	 the	 stage	of	 the	 infection:	 in	 the	
acute	phase	of	HIV	infection,	levels	of	virus	in	semen	are	higher	and	the	risk	of	HIV	transmis-







and	 rectum	 and	 vagina	 are	 two	 very	 different	 compartments	 (Table	 1).	 Rectum	 has	 simple	
columnar	epithelium	(only	one	cell	 layer	thick)	being	more	vulnerable	to	tearing	during	inter-
course,	while	 the	vagina	and	ectocervix	are	 lined	with	stratified	squamous	epithelium	that	 is	
constantly	sloughing	off	the	superficial	layers	(Figure	4)	–	this	process	is	considered	a	good	me-




cosa	 show	high	 expression	 of	 CCR5	 co-receptors	 [84],	 and	 there	 is	 also	 high	 density	 of	 lym-
phoid	nodules	in	this	area	[85].	One	study	has	shown	that	intestinal	CD4+	T	lymphocytes	are	in	









ly	 sloughing	 off	 the	 superficial	 layers	 (40-cell	
layer	thick)
Simple	 columnar	 epithelium	 (one	 cell	 layer	
thick)
Acidic	pH	(4	–	4.5) Alkaline	pH	(7	–	8)
Fewer	CD4	cells	than	rectum More	 inflammatory	 cells	 under	 surface	






Throughout	 the	 menstrual	 cycle,	 the	 thickness	 of	 the	 vaginal	 epithelium	 varies.	 During	 the	
luteal	phase,	the	thinning	of	the	epithelium	brings	Langherans	Cells	(LCs)	and	CD4+	T	lympho-
cytes	closer	to	the	mucosa	surface,	facilitating	contact	with	HIV,	thus	increasing	the	risk	of	in-





















cervical	 mucosa,	 lying	 mostly	 beneath	 the	 epithelium,	 but	 also	 in	 the	 deeper	 submucosa.	
These	cells,	 that	outnumber	macrophages	and	dendritic	cells,	are	one	of	 the	early	 targets	of	
infection	at	 the	portal	of	entry	 [105,	106].	CD4+	T	cells	can	migrate	to	the	superficial	vaginal	
epithelium	due	to	some	factors	such	as	breaks	in	the	epithelial	mucosa,	inflammation	caused	
by	 infections	and	also	due	 to	hormone-induced	physiologic	epithelial	 thinning	 that	 increases	
exposure	of	CD4+	T	cells	and	LCs,	naturally	present	in	the	vaginal	mucosa,	facilitating	contact	
with	luminal	HIV	and	causing	viral	infection	[105,	107].	















plex	 type	 2	 (HSV-2)	 infection	 and	 trichomoniasis	 can	 promote	HIV	 infection	 by	 thinning	 and	





to	 treat	HIV-infected	patients.	HIV-1	 treatment	 regimens	 consist	 of	 combinations	of	multiple	
ARVs,	following	the	recommendations	of	available	guidelines:	two	nucleoside	reverse	transcrip-
tase	 inhibitors	 (NRTIs)	 in	 combination	with	 a	 third	 active	 ARV	 drug	 from	 one	 of	 three	 drug	





gravir/abacavir/lamivudine;	 dolutegravir	 plus	 tenofovir/emtricitabine;	 elvitegravir/cobicistat/
tenofovir/emtricitabine;	and	raltegravir	plus	tenofovir/emtricitabine	[116].	





genetic	barrier	 to	 resistance	 to	 current	drugs	 compared	 to	HIV-1	and	 resistance	pathways	 in	
HIV-2	may	differ	from	HIV-1	[118].		




sion.	 The	 prophylactic	 use	 of	 oral	 ARVs	 (tenofovir/emtricitabine)	 by	 HIV-negative	 individuals	
with	high	risk	behaviors	 is	already	recommended	[119],	and	great	efforts	have	been	made	to	
formulate	 topical	microbicides	able	 to	prevent	vaginal	 and	 rectal	HIV	 infection	 [120,	121].	 In	



































































































































































































































































Boosted	 PI-containing	 regimens	 have	 resulted	 in	 more	 favorable	 virologic	 and	 immunologic	
responses	than	two	or	three-NRTI-based	regimens.	Regimens	that	combine	two	NRTIs	(typical-





ently	available	 to	 treat	HIV-2	 infected	patients	but	also	to	explore	novel	studies	of	promising	
drugs	 in	development	for	HIV-2	infection,	such	as	TAF,	a	prodrug	of	tenofovir,	that	has	strong	
activity	against	HIV-2	in	vitro;	fusion	inhibitor	peptides	like	P3,	that	potently	inhibits	both	HIV-1	
and	HIV-2	 cell	 entry	and	 replication	and	 the	 short-peptide	 fusion	 inhibitor	2P23,	with	 strong	
activity	against	HIV-1	and	HIV-2	isolates,	including	T20-resistant	HIV-1	mutants.	In	this	work,	we	
also	highlight	novel	resistance	pathways,	for	example	new	resistance	mutations	recently	asso-
ciated	with	 resistance	 to	 the	potent	 integrase	 inhibitor	dolutegravir	and	also,	 concerning	 the	











1	 (HIV-1)	and	 type	2	 (HIV-2).	Whereas	HIV-1	 is	disseminated	worldwide,	HIV-2	 is	 largely	 con-
fined	 to	West	 Africa	 and	 countries	 with	 socioeconomic	 ties	 to	 the	 region,	 like	 Portugal	 and	




remarkable	 differences	 in	 the	 course	 of	 the	 infection.	 It	 differs	 from	 HIV-1	 by	 having	 lower	
perinatal	 and	 sexual	 transmission	 rates,	 lower	 viral	 loads	 and	 T	 CD4+	 cells	 suppression	 and	































agement	of	ART	in	these	patients	relies	 in	 in-house	viral	 load	assays	with	varying	clinical	per-
formances	and	the	results	cannot	be	directly	compared.	This	problem	may	have	been	solved	by	
the	 recent	 validation	of	 a	 commercial	 viral	 load	 assay	 for	HIV-2	 [17].	 Finally,	HIV-2	 seems	 to	
have	a	 lower	genetic	barrier	to	resistance	to	current	drugs	compared	to	HIV-1	and	resistance	






The	 reverse	 transcriptase	 (RT)	 enzyme	 is	 responsible	 for	 the	 synthesis	 of	 proviral	DNA	using	









processivity,	particularly	 in	the	presence	of	 low	dNTP	concentrations	[21-23].	 In	fact,	Lenzi	et	
al.	have	shown	that	RTs	of	several	HIV-2	strains	require	higher	dNTP	concentrations	for	efficient	
DNA	 synthesis,	 and	 this	 can	be	 relevant	when	 considering	 viral	 replication	 kinetics	 in	mono-
cytes,	macrophages,	dendritic	cells,	and	resting	CD4	T	cells	that	harbor	very	low	dNTP	concen-














NNRTIs	 comprise	 delavirdine	 (DLV),	 nevirapine	 (NVP)	 and	 efavirenz	 (EFV),	 called	 first-genera-
tion	inhibitors	and	etravirine	(ETV)	and	rilpivirine	(RPV),	the	second-generation	inhibitors.	The	
first	 three	 compounds	 inhibit	HIV-2ROD	and	HIV-2EHO	at	 concentrations	50-fold	higher	 than	
those	 required	 to	 inhibit	 HIV-1IIIB	 [11]	 and	 therefore	 its	 use	 is	 not	 recommended	 for	 HIV-2	
treatment	[28].	The	natural	resistance	of	HIV-2	RT	to	these	 inhibitors	 is	due	to	sequence	and	
structural	 differences	within	 the	NNRTIs	 pocket	 binding	 site	 at	 positions	 101,	 106,	 138,	 181,	
188	and	190	that	may	lead	to	unfavorable	contacts	with	NNRTIs	or	pocket	binding	site	destabi-
lization	[26,	29].		
One	 study	 showed	 that	 in	 a	 group	 of	 HIV-2-infected	 patients,	 17%	 of	 patients	were	 initially	






NRTIs	 approved	 for	 clinical	 use	 include	 lamivudine	 (3TC),	 abacavir	 (ABC),	 zidovudine	 (AZT),	
staduvine	(d4T),	emtricitabine	(FTC),	tenofovir	(TDF)	and	didanosine	(ddI).	NRTIs	represent	the	





resistance	 mutation	 selected	 by	 this	 drug	 [35].	 BMS-986001	 (also	 known	 as	 festinavir,	 cen-
savudinea	 and	 OBP-601)	 is	 a	 novel	 NRTI,	 structurally	 related	 to	 stavudine	 (d4T)	 [36].	
BMS-986001	seems	to	exhibit	more	potent	activity	against	HIV-2	than	against	HIV-1	in	culture	
[37].	 BMS-986001	 retains	 full	 or	 partial	 activity	 against	 HIV-2	 variants	 that	 have	 mutations	
K65R,	Q151M,	and	M184V	 [37].	 In	a	 clinical	 trial	 in	HIV-1	 infected	patients	BMS-986001	had	










































study	 showed	 that	 the	combination	of	 these	 three	mutations	 is	 sufficient	 for	 classwide	NRTI	
resistance	[48].		
Phenotypic	 studies	using	 recombinant	HIV-2	have	 shown	 that	Q151M	has	a	 small	 impact	on	








crease	 in	 IC50	 for	 3TC,	 and	7-fold	 increase	 for	ABC,	 compared	with	wild	 type	HIV-2ROD	 [51].	







leading	 to	 the	 formation	 of	 mature,	 infection-competent	 virions.	 PR	 has	 two	 identical	
monomers	with	99	amino	acids	and	 is	constituted	by	three	main	domains:	active	site	 (which	




The	 PR	 of	 HIV-1	 and	HIV-2	 have	 only	 39%–48%	homology	 at	 the	 amino	 acid	 sequence	 level	
[60].	However,	in	structural	terms	they	are	very	similar,	especially	in	the	region	of	Asp	catalytic	





function	 are	 conserved;	 however,	 certain	 polymorphisms	 decrease	 binding	 affinity	 of	 PR	 for	
certain	inhibitors,	and	may	lead	to	resistance	to	PIs	[64].	
Nine	 PR	 inhibitors	 (PI)	 are	 currently	 approved	 for	 clinical	 use:	 first	 generation	 –	 saquinavir	
(SQV),	 indinavir	 (IDV),	nelfinavir	 (NFV)	and	 ritonavir	 (RTV)	which	 is	used	only	 to	boost	all	PIs	
except	 nelfinavir;	 second	 generation	 –	 lopinavir	 (LPV),	 atazanavir	 (ATZ),	 tipranavir	 (TPV),	 fos-
amprenavir	(FPV)	and	darunavir	(DRV)	[64].	PIs	were	design	to	bind	to	PR	active	site	with	high-
er	affinity	than	the	natural	substrates	and	at	the	same	time	filling	more	space	inside	the	active	























HIV-1	 resistance	 to	 PIs	 occurs	 by	 the	 emergence	of	mutations	 in	Gag-PR	 cleavage	 sites	 [74].	
Amino	acid	substitutions	in	the	binding	pocket	or	in	a	nearby	site	can	have	as	consequence	the	
reduction	of	the	binding	affinity	of	the	PIs,	ultimately	resulting	in	failure	in	PR	blocking	[65-67].	


















77-80].	 In	addition,	 I54M	was	 selected	 in	 vitro	 by	APV,	NFV	and	 IDV	 in	HIV-2	 clinical	 isolates	
[76].	 In	 phenotypic	 assays,	 this	mutation	 confers	 high	 level	 resistance	 to	 APV,	NFV,	 IDV,	 LPV	
with	more	than	10-fold	 increase	in	IC50	and	moderate	level	of	resistance	to	TPV	with	a	7-fold	
increase,	compared	to	wild	type	virus	[76].	In	HIV-1,	this	mutation	only	occurs	under	selective	
pressure	with	 APV	 [81].	 The	 presence	 of	 the	 L99F+V62A	 combination	was	 selected	 in	 HIV-2	











RTV	or	NFV	 [77,	80,	84,	85],	 frequently	 in	association	with	other	 relevant	mutations	 such	as	
I54L/M,	V71L,	I82F	or	I84V	[77,	84].		
The	mutation	V47A	is	 frequently	found	 in	HIV-2	patients	failing	LPV	based	treatment	[72,	75,	




















domain	 (CTD,	 residues	213–288)	 [88].	 The	CCD	domain	 contains	 a	 conserved	motif,	 catalytic	
triad	(64D,	116D	and	152E),	that	is	crucial	for	the	catalytic	activity	of	IN.	IN,	contrary	to	the	RT	
and	 the	PR,	do	not	have	human	homologous,	which	makes	 it	an	 interesting	pharmacological	
target	for	the	development	of	new	ARV	drugs	with	less	side	effects	[89].		
The	 IN	proteins	of	HIV-1	and	HIV-2	share	 the	same	structure	with	65%	 identity	at	 the	amino	
acid	level	[90].	Several	assays	have	shown	that	all	approved	inhibitors	on	the	market	are	effec-
tive	against	HIV-2	[91,	92]	due	to	the	conservation	of	certain	catalytic	motifs	in	the	same	posi-
tions	as	described	 for	HIV-1.	Positions	 involved	 in	 the	 zinc	binding	domain,	 the	CCD	and	 the	
DNA	binding	domain,	all	crucial	to	enzyme	function,	are	100%	conserved	in	HIV-2	[90,	92,	93].	










1BRU	 (IC50=	 3nM),	 HIV-2ROD	 (IC50=	 4nM)	 and	HIV-2	 clinical	 isolates	 (IC50=1.3-5nM)	 [92].	 Da-
mond	et	al.,	quantified	the	virological	and	immunological	response	to	an	ARV	regimen	contain-
ing	RAL	 in	 two	patients	 infected	with	HIV-2	 [96].	Both	 cases	 reported	were	 related	 to	highly	
experienced	patients,	with	multiple	drug	 resistances,	high	viral	 loads	 (>	6000	copies/ml)	and	
very	low	T	CD4+	counts	(<	25	cells/	µl).	In	2007,	when	these	patients	started	the	regimen	with	
RAL,	consistent	and	significant	increases	were	registered	in	T	CD4+	cell	counts	that	were	main-
tained	for	6	months	after	 therapy	start	and	the	viral	 load	was	undetectable	 from	the	second	
month	after	initiation	of	therapy.	The	regimen	with	3TC,	ABC/DRV/r	and	RAL	was	well	tolerated	
in	both	patients	[96].	
However,	 two	other	clinical	 cases	with	highly	experienced	HIV-2	patients	 showed	slightly	dif-

































jority	 of	 patients	 failing	 a	 RAL-based	 therapy	 selected	 for	 IN	 resistance	 mutations	 N155H,	
Y143G	and	Q148R	[113].	DTG	was	prescribed	for	two	patients	with	N155H	mutation	and	both	






Secondary	 resistance	 to	 RAL	 occurred	 via	 two	mutational	 pathways,	 one	with	 the	 signature	
mutation	Q148K	and	 the	other	with	 the	minor	mutations	E92Q	and	T97A	 [submitted,	under	
revision].	
HIV-2	Resistance	to	INSTIs	
The	 limited	available	evidence	 indicates	 that	mutations	 conferring	 resistance	 to	RAL	 in	HIV-2	
are	similar	to	those	found	 in	HIV-1	 involving	 important	positions	 in	the	CCD	[79,	90,	97,	114,	
115],	 at	 codons	 143,	 148	 and	 155	 [112,	 114]	 (Figure	 1).	 IN	mutations	 Y143C,	 Q148K/R	 and	
N155H	 [90]	 associated	 with	 other	 secondary	mutations	 in	 the	 IN	 protein	 (i.e.,	 E92Q,	 T97A,	









a	37-fold	 increase	 in	resistance	to	RAL	 in	comparison	to	HIV-2ROD	wild	type	[97]	and	Roque-
bert	et	al.,	showed	that	mutation	Q148R	confers	55-fold	resistance	to	RAL	and	99-fold	to	EVG	







nesis	 in	 the	HIV-2ROD9	 isolate,	 Smith	et	 al.	 showed	 in	 vitro	 that	 IN	mutations	E92Q,	Y143C,	
E92Q/Y143C,	and	Q148R	were	associated	with	low	levels	of	resistance	to	DTG	in	HIV-2ROD9	(2-	
to	 6-fold),	 but	 Q148K,	 E92Q/N155H,	 T97A/N155H	 and	 G140S/Q148R	 mutations	 conferred	




Charpentier	et	al.	 studied	11	clinical	 isolates:	nine	were	obtained	 from	 INSTI-naive	HIV-2	pa-
tients	and	two	were	obtained	from	RAL-experienced	patients	[91].	In	clinical	isolates	from	RAL-
experienced	patients,	they	discovered	that	mutations	T97A/Y143C	lead	to	seven-fold	increase	








primary	 isolates	 obtained	 from	 HIV-2-infected	 patients.	 For	 RAL,	 combined	mutations	 E92Q	
and	T97A	and	mutation	Q148K	reduce	the	susceptibility	of	HIV-2,	however	these	mutations	did	
not	affect	the	activity	of	DTG.	This	work	is	the	first	to	report	primary	resistance	to	DTG	in	HIV-2,	
without	 the	 presence	 of	 INSTI-associated	 resistance	mutations.	 In	 fact,	 two	 primary	 isolates	
obtained	from	the	same	patient	showed	natural	resistance	to	DTG,	and	mutations	K221Q	and	
D222K,	not	yet	described,	might	play	a	role	in	this	resistance	[submitted,	under	revision].	

























HIV-1	mutants,	 and	 a	 panel	 of	 primary	HIV-2	 isolates,	HIV-2	mutants,	 and	 SIV	 isolates	 [127].	
Development	of	 fusion	 inhibitor	peptides	allows	the	combination	of	different	 features	 in	one	
small	sized	molecule,	which	is	easier	to	formulate	and	has	reduced	production	costs.	
The	coreceptor	binding	inhibitor	MVC	is	an	antagonist	of	co-receptor	CCR5.	This	inhibitor	binds	
to	 a	 CCR5	 cavity	within	 the	 2,	 3,	 6	 and	 7	 transmembranar	 helices	 (reviewed	 in	 [128]).	MVC	
binds	 to	 CCR5	 and	 induces	 conformational	 changes,	 particularly	 in	 the	 second	 extracellular	
loop	of	CCR5,	preventing	the	interaction	with	the	gp120	of	the	virus.	Thus,	MVC	is	only	active	
against	viruses	with	CCR5	tropism	[129].	Consequently,	 it	 is	mandatory	a	 tropism	test	before	
starting	therapy	with	this	inhibitor.	MVC	has	been	successfully	used	in	the	treatment	of	HIV-1	
infection	 [128,	130,	131].	However,	 the	use	of	 this	drug	 in	HIV-2	 infection	 remains	 to	be	ex-
plored.	There	are	also	few	data	on	the	phenotypic	susceptibility	of	HIV-2	to	MVC	in	vitro.		
In	contrast	to	HIV-1,	some	HIV-2	 isolates	have	the	ability	to	use	a	wider	range	of	coreceptors	
beyond	 CXCR4	 and	 CCR5	 including	 the	 CCR3,	 CCR1-4,	 GPR15	 (BOB)	 and	 CXCR6	 (BONZO)	 [5,	
132-135].	However,	most	clinical	 isolates	of	HIV-2	exhibit	CCR5	tropism	and	require	the	pres-















or	phenotypic	 test	before	 the	 treatment	with	 this	 inhibitor.	Recently,	 a	MVC-containing	 regi-












when	R5-tropic	 viruses,	 that	 constituted	 the	majority	 of	 viral	 species,	 are	 repressed	and	 the	
small	minority	 of	 X4-tropic	 viruses	multiply,	 becoming	 the	 dominant	 viral	 species	 [143].	 The	
selection	of	X4-tropic	viruses	can	happen	under	pressure	from	drug	treatment	[125,	144].	The	















2	 infection	 in	comparison	with	HIV-1	 infection	 (IC90	42.7	nM	for	HIV-2	and	9.7	nM	for	HIV-1)	
[137].	 In	 addition,	 it	was	 shown	 that	MVC	 inhibits	 late-stage	R5	HIV-2	 infections	with	higher	
concentrations	than	early-stage	R5	HIV-2	infection	[137].		
First	and	second	line	treatment	of	HIV-2	infection	
The	 treatment	 regimens	used	 for	HIV-2	 infection	are	usually	very	diverse	especially	 in	devel-
oped	 countries,	 reflecting	 the	 lack	 of	 guidelines	 to	 help	 clinicians	 select	 optimal	 treatment	
strategies	in	their	practice	[55,	154,	155].	Several	small	studies	suggest	poor	responses	in	HIV-2	
infected	 individuals	treated	with	some	ARV	regimens	 including	dual-NRTI	regimens;	regimens	
































STI-based	 regimens	have	 favorable	 treatment	 responses,	being	 recommended	as	 second	 line	
regimens	 for	HIV-2	 infection	 [100,	125,	164].	 INSTIs	are	very	effective	 in	 treatment	naïve	pa-
tients	however,	the	use	of	INSTIs	may	be	limited	in	patients	previously	treated	with	other	ARV	























DTG	 is	a	good	option	 for	patients	 failing	a	RAL-based	 regimen,	as	DTG	 is	active	against	most	
HIV-2	RAL-resistant	mutants,	while	maintaining	its	potent	antiviral	activity	[107-109].	CCR5	an-





Diagnosis of HIV-2 infection 
• HIV-2 viral load is often undetectable or much lower than in HIV-1  
• Positive serological screening tests where no viral load is detected should be analyzed by specific anti-
body based confirmation assays
First-line therapy
Combine two NRTIs and one boosted PI: 
NRTIs: TDF/FTC or ABC/3TC or AZT/3TC 
PIs: LPV/r or DRV/r or SQV/r
Second-line therapy 
Perform resistance/tropism tests
Change boosted PI to: DRV/r or SQV/r 
Combine or change therapy to: 
INSTIs: RAL, EVG, DTG 


















































































































































































































































































































































































































Objectives:	 To	 review	existing	data	on	Pre-Exposure	Prophylaxis	 (PrEP)	 for	prevention	of	HIV	
infection,	including	the	role	of	medical	male	circumcision,	oral	administration	of	antiretroviral	





adherence;	 67-75%	 in	 Partners	 PrEP	 study	with	 82%	 adherence;	 and	 6%	 in	 FEM-PrEP	 study	
with	40%	adherence).	As	 for	 the	use	of	 topical	microbicides,	 the	CAPRISA	004	study	showed	















tries	 [1].	While	 an	HIV	 vaccine	 is	 still	 not	 available	 and	 treatment	 alone	 is	 not	 stopping	HIV	
propagation,	other	preventive	strategies	are	being	 investigated	and	 implemented,	 in	order	to	
reduce	morbidity	and	mortality.	
Pre-exposure	prophylaxis	(PrEP)	approaches	may	include	topical	or	systemic	interventions	that	
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heterosexual	men	 from	 sub-Saharian	 Africa	 [18-20].	 In	 2007,	 the	World	 Health	Organization	
(WHO),	in	conjunction	with	the	Joint	United	Nations	Program	on	HIV/AIDS	(UNAIDS),	formally	
declared	 the	 support	of	MC:	 “Male	 circumcision	 should	now	be	 recognized	as	an	efficacious	
intervention	for	HIV	prevention.	Promoting	male	circumcision	should	be	recognized	as	an	addi-
tional,	 important	 strategy	 for	 the	 prevention	 of	 heterosexually	 acquired	 HIV	 infection	 in	
men”	[21].	Five	years	 later,	 in	2012,	the	American	Academy	of	Pediatrics	(AAP)	took	a	similar	
step	in	support	of	the	procedure	among	newborns,	revising	their	policy	statement	to	note	that	
“preventive	 health	 benefits	 of	 elective	 circumcision	of	male	 newborns	 outweigh	 the	 risks	 of	
the	procedure”	[22].	
Circumcision	 is	 an	 effective	 intervention	 that	 requires	 few	 resources	 and	 is	 one	 of	 the	most	




healing	 of	 the	 circumcision	 wound	 had	 significantly	 increased	 risk	 of	 HIV	 transmission	 [24].	









































It	 is	 essential	 that	 antiretroviral	 drugs	 used	 for	 PrEP	 reach	 vaginal	 and	 rectal	 tissues	 at	 the	
highest	concentrations	possible.	TDF	is	available	in	concentrations	100	times	higher	in	the	rec-
tal	mucosa	than	in	the	vaginal	or	cervical	mucosa	[42].	FTC	is	10	times	more	present	in	the	cer-
vical	and	vaginal	mucosa	than	 in	 the	rectal	mucosa,	which	 justifies	 the	combination	of	 these	
two	drugs	[42-44].	TDF	alone	and	in	combination	with	FTC	is	widely	used	in	antiretroviral	ther-
apy	of	HIV	infection,	and	its	safety	profile	is	well	documented	[39].	






From	 the	 individuals	 receiving	 antiretrovirals,	 81,4%	 used	 condons	 in	 occasional	 sexual	 rela-
tions	and	2,6%	engaged	in	anal	intercourse.	A	total	of	36	participants	suffered	seroconversion,	
10	in	the	FTC/TDF	group	and	26	in	the	placebo,	showing	a	preventive	efficacy	of	61,7%.	How-
ever,	 three	 participants	 were	 excluded	 (one	 in	 the	 TDF/FTC	 group	 and	 two	 in	 the	 placebo	
group),	because	it	was	proved	that	they	suffered	seroconversion	at	the	start	of	the	study,	which	
means	that	the	combined	therapy	had	an	efficacy	of	62,2%	in	prevention	of	HIV	infection	[37].	
The	 protective	 effect	was	 superior	when	 the	 analysis	was	 restricted	 to	 the	 participants	 that	






December	2009	 in	 several	 countries	 (Peru,	Equator,	Thailand,	South	Africa	and	 the	USA)	and	
intended	to	evaluate	the	efficacy	and	safety	of	a	daily	dose	of	TDF/FCT	for	the	prevention	of	
HIV	acquisition	in	men	and	transsexual	women	who	have	sex	with	men	[36].	It	was	an	impor-
tant	 study	 because	 the	 risk	 of	 HIV	 infection	 through	 unprotected	 anal	 intercourse	 is	 17-fold	
higher	than	vaginal	intercourse	[45],	which	can	justify	the	increased	prevalence	of	HIV	infection	
in	 this	 group	 [36,	 46].	 Participants	were	2499	man	with	ages	between	18	and	67	 years,	 and	
from	those	29	were	transsexual	[36].	A	total	of	1251	participants	received	TDF/FTC	once	daily	
and	1248	participants	received	placebo	[36].	There	were	diagnosed	110	cases	of	seroconver-
sion,	but	 in	10	cases	a	retrospective	analysis	 revealed	the	presence	of	viral	RNA	 in	the	 initial	
visit	(two	cases	in	the	TDF/FTC	group	and	eight	cases	in	the	placebo	group).	From	the	remain-
ing	 100	 seroconversions,	 36	 cases	 were	 from	 the	 TDF/FTC	 group	 and	 64	 from	 the	 placebo	
group,	showing	an	additional	protection	of	44%	in	the	incidence	of	HIV	[36].	The	efficacy	was	
superior	 in	 individuals	who	performed	receptive	anal	 intercourse	 [36].	Cases	with	adherence	
≥50%	showed	a	reduction	of	50%	in	the	acquisition	of	HIV,	reaching	70%	in	cases	where	adher-
ence	was	≥90%,	during	the	previous	30	days	[36].	










bo	 group	 [47].	 However,	 two	 participants	 were	 excluded	 from	 placebo	 group	 because	 they	
were	already	in	the	acute	phase	of	the	infection	[47].	There	was	a	decrease	in	the	risk	of	infec-
tion	of	48.9%	with	the	daily	administration	of	TDF.	The	efficacy	was	even	higher	in	female	par-
ticipants	 (79%)	and	 in	participants	over	40	years	of	age	 (89%)	 [47].	For	 the	participants	with	
































oral	 and	 topic	 placebos.	 The	 study	 enrolled	 5029	 heterosexual	 women	 from	 South	 Africa,	



































women,	women	with	multiple	partners	or	women	 that	although	married	do	not	know	 if	 the	
husband	is	infected	with	HIV.		
On	 the	 other	 hand,	 FEM-PrEP	 and	 VOICE	 studies	 showed	 null	 or	 very	 low	 efficacy	 rates	 for	
women,	due	to	poor	adherence	by	the	women	involved	 in	the	studies.	 In	clinical	 trial	VOICE,	
young	 and	 single	women	were	 the	 group	 that	 showed	 lower	 rates	 of	 adherence	 and	 higher	
probability	of	becoming	 infected.	Thus,	 it	 is	urgent	 to	 find	PrEP	strategies	with	higher	accep-
tance	by	women.	
Understanding	 pharmacokinetics	 and	 pharmacodynamics	 of	 PrEP	 is	 extremely	 important	 to	
determine	exactly	when	an	 individual	 is	protected	after	 starting	 therapy	and	also	until	when	












































































































TDF/FTC	 to	 determine	 sex	 act	 coverage	over	 24	weeks.	 Self-reported	 adherence	 and	plasma	
drug	 levels	 were	 evaluated	 [56].	 The	 study	 enrolled	more	 than	 500	 participants:	 women	 in	
Cape	Town,	South	Africa,	and	MSM	and	transgender	women	(TGW)	in	Bangkok,	Thailand,	and	
Harlem,	N.Y.	 [56].	 The	participants	had	a	 four-week	period	of	once-a-week	directly	observed	
dosing,	 and	 after	 that	 were	 separated	 in	 three	 groups	 with	 different	 PrEP	 regimens	 for	 24	
weeks:	a)	daily,	b)	 time-driven:	 twice	weekly	with	a	post-sex	dose,	or	c)	event-driven:	before	
and	after	 sex	 [56].	Highest	 levels	of	 coverage	and	adherence	were	observed	 in	Thai	MSM	 in	
Bangkok,	 in	the	daily	and	time-driven	dosing	regimens,	although	the	event-driven	arm	cover-
age	was	significantly	lower	(85%,	84%	and	74%	of	all	sex	events	were	covered	in	the	daily	arm,	
time-driven	arm	and	event-driven	arm,	 respectively)	 [56].	 In	Harlem,	N.Y.,	 a	 cohort	of	 young	
black	MSM	achieved	66%	coverage	of	sex	acts	in	the	daily	arm,	47%	in	the	time-driven	arm	and	
52%	 in	 the	event-driven	arm	 [56].	Daily	arm	group	 showed	higher	adherence	 than	non-daily	
arms	[56].	Of	note	is	the	fact	that	young,	single,	black	women	in	South	Africa	had	75%	coverage	























creams	or	 intra-vaginal	 rings	 (IVR),	 that	when	applied	to	 the	vagina	or	 rectum	might	prevent	








is	 transmitted	 and	 produces	 viable	 infection	 has	 allowed	 the	 design	 of	 specific	 compounds,	
that	act	on	the	early	steps	of	HIV	infection,	leading	to	a	more	tailored	strategy	to	microbicide	
development.	
In	 the	 early	 2000s,	 six	 topical	 surfactants,	 polyanions,	 and	 general	 antimicrobials	 (COL-1492,	








Topically	 delivered	 drugs	 that	 can	 be	 applied	 vaginally	 or	 rectally	 offer	 distinct	 advantages:	
higher	local	drug	concentrations	on	tissues	exposed	to	HIV,	lower	systemic	drug	levels	and	low-
er	toxicity	[60].		

























thors	 concluded	 that	 0.5%	 PRO2000	 Gel	 confers	 only	 30%	 reduction	 in	 HIV	 acquisition	 in	




























turned	applicators	 and	 self-reported	number	of	 sex	 acts,	 the	women	used	 the	gel	during	an	














venting	heterosexual	 transmission	of	HIV-1,	with	 the	 advantages	of	 having	better	 adherence	
and	not	 requiring	daily	or	pericoital	 use	 [66-70].	Vaginal	 rings	 are	 composed	of	hydrophobic	
polymers,	like	polyurethane,	silicone	elastomer	or	ethylene	vinyl	acetate	[71,	72]	and	are	divid-
ed	in	two	categories:	reservoir	rings	(contain	the	drug	in	an	inner	“core”)	and	matrix	rings	(the	






The	 ASPIRE	 study	 (MTN-020)	 was	 a	 phase	 III,	 randomized,	 double-blind,	 placebo-controlled	
trial	 that	 evaluated	 a	 DPV	 vaginal	 ring,	 changed	 once	 a	month,	 performed	 between	 August	
2012	and	June	2015	and	involved	2629	women	from	Malawi,	South	Africa,	Uganda,	and	Zim-
babwe	[8].	This	study	intended	to	compare	the	efficacy	and	safety	of	the	DPV	vaginal	ring	with	
a	placebo	 ring	 [8].	A	 total	of	71	 infections	occurred	 in	 the	DPV	group	and	97	 in	 the	placebo	
group,	corresponding	to	a	27%	reduction	in	the	incidence	of	HIV-1	infection	in	the	DPV	group	
[8].	When	two	sites	that	had	reduced	rates	of	retention	and	adherence	were	excluded	from	the	























tipurpose	 prevention	 rings	 have	 been	 studied	 in	 the	 following	 combinations:	 DPV/Lev-







microbicide	 products	 evaluated	 for	 effectiveness	 to	 date	 have	 been	 aqueous-based	 gels	 ap-
plied	pericoitally.	Quick	dissolving	films	may	be	a	suitable	and	 inexpensive	alternative	vaginal	
dosage	form	for	delivery	of	ARV	microbicides.		
Vaginal	 films	 have	 been	 studied	 for	 the	 prevention	 of	 HIV	 infection.	 In	 one	 study,	 TDF	 and	
efavirenz	were	incorporated	in	a	vaginal	film	and	its	safety	and	ability	to	deliver	the	drugs	were	
studied	 in	mice	 [85].	The	nanoparticle	 film	administered	vaginally	once	daily	was	considered	
safe	to	mice	and	effective	in	delivering	the	microbicides	[85].	




















lar	 injections	 for	 the	 prevention	 of	 HIV	 infection:	 rilpivirine	 (TMC278)	 [88]	 and	 cabotegravir	
(GSK1265744)	[89].	LA	ARVs	may	reduce	the	component	of	poor	adherence	linked	to	daily	dos-
























































































oral	 cabotegravir	 for	 four	 weeks	 followed	 by	 a	 one-week	washout	 phase	 and	 intramuscular	
administration	of	800	mg	of	LA	cabotegravir	every	12	weeks	for	three	doses	[95].	The	ECLAIR	
results	demonstrated	that	both	oral	and	LA	cabotegravir	were	well	tolerated,	permitting	con-
tinued	development	of	 cabotegravir	 for	PrEP	 [95].	Participant	 satisfaction	with	 intramuscular	
injections	of	 cabotegravir	was	high,	 including	a	preference	 for	 injections	 compared	with	oral	
cabotegravir	once-daily	tablets	[95].	
Regarding	the	use	of	LA	rilpivirine	for	HIV	prevention,	this	compound	is	now	being	evaluated	in	
HPTN	076,	 a	 phase	 IIa	 trial	 on	 safety	 and	 acceptability	 enrolling	 132	HIV-uninfected	 low-risk	
women	in	the	USA	and	sub-Saharan	Africa	in	a	2:1	rilpivirine:	placebo	randomization	[97].	The	
study	consisted	of	a	 four-week	oral	 lead-in	 followed	by	six	 injections	of	1200	mg	each,	every	
















TDF	and	FTC	were	 chosen	 initially	 to	be	 studied	 for	oral	PrEP	due	 to	 their	efficacy	 in	animal	
models	 [99-102],	 safety,	 and	 favorable	 pharmacokinetic	 profiles	 (long	 half-lives	 of	 active	
metabolites)	[103,	104].	However,	randomized	clinical	trials	have	resulted	in	mixed	results	with	
variable	efficacy.	
Clinical	 trials	 TDF2	 [37]	 and	 Partners	 PrEP	 [35]	were	 the	 trials	with	 best	 rates	 of	 protection	








to	adherence	 to	 treatment,	which	demonstrates	 that	 it	 is	urgent	 to	 find	preventive	methods	

















protection	 in	 the	 group	 of	 women	 between	 18	 and	 21	 years	 old	 [8].	 Higher	 adherence	 to	
treatment	was	a	key	factor	in	increasing	protection	against	HIV	infection	as	women	who	were	
older	than	21	years	of	age	had	a	rate	of	adherence	superior	to	70%	and	the	efficacy	of	HIV-1	
protection	was	 56%.	 Physiologic	 differences	 in	 the	 genital	 tract,	 lower	 adherence	 and	more	
frequent	vaginal	or	anal	sex	are	some	of	 the	reasons	pointed	out	to	 justify	 low	protection	 in	
women	younger	than	21	years	[9].	In	the	Ring	study,	DPV	vaginal	ring	conferred	31%	of	protec-







The	 future	 of	 PrEP	will	 probably	 include	 long	 acting	 formulations	 like	 injectable	 compounds	

























































































































































































































































tained	 from	 INSTI-naïve	 and	 RAL-failing	 patients	 from	 Portugal.	We	 also	 characterized	 poly-
morphisms	and	mutations	associated	with	resistance	to	INSTIs	in	these	patients.	
First	 we	 obtained	 blood	 samples	 from	 14	 HIV-2	 infected	 Portuguese	 patients.	 Two	 patients	
were	RAL-experienced,	four	patients	were	untreated	and	the	others	were	on	ART	without	IN-
STIs.	 Virus	 isolation	 and	 culture	was	 performed,	 and	we	obtained	16	HIV-2	 primary	 isolates.	
Next,	 we	 performed	 a	 single-round	 viral	 infectivity	 assay	 with	 TZM-bl	 reporter	 cells	 (CD4+,	
CCR5+	and	CXCR4+)	 in	the	presence	of	several	fold	dilutions	of	DTG	and	RAL.	50%	(IC50)	and	
90%	 (IC90)	 inhibitory	 concentrations	 and	maximum	 percentage	 of	 inhibition	 (MPI)	were	 de-
termined	for	each	drug.	The	nucleotide	sequence	of	the	integrase	gene	of	each	HIV-2	primary	
isolate	 was	 screened	 for	 resistance	mutations	 and	 all	 sequences	 were	 compared	 to	 the	 se-
























half-maximal	 inhibitory	 concentration	 (IC50)	of	 dendrimers	were	determined	 for	 each	 strain.	
We	 also	 studied	 the	 cytotoxicity,	 anti-sperm	 and	 antimicrobial	 activity	 of	 the	 dendrimers.	
Moreover,	we	 researched	 the	 synergistic	 activity	by	 triple	 combinations	of	 these	dendrimers	
with	tenofovir	and	RAL	against	HIV-2	 infection.	 In	order	to	discover	more	about	the	mode	of	






















ed	 in	 1.5%	 HEC-gel	 with	 20%	 X-Gal	 (5-bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside).	
The	 antiviral	 activity	 of	 this	 gel	 (designated	 P3/X-Gal	 HEC-gel)	 was	 evaluated	 using	 a	 single-
round	 infectivity	assay	 in	TZM-bl	 reporter	cells	and	HIV	 infection	was	quantified	using	 the	β-
galactosidase	reporter	gene	assay.	Safety	of	P3	in	the	vagina	was	evaluated	in	BALB/c	mice.	 	A	
formulation	of	P3	diluted	 in	PBS	was	applied	 intravaginally	daily	 for	7	days	 in	 female	BALB/c	


































tance	associated	mutations	and	polymorphisms	 in	matched	 integrase	sequences.	All	but	 two	
isolates	 from	 an	 INI-naïve	 patient	 that	 exhibited	 resistance	 to	 DTG	 were	 sensitive	 to	 both	
drugs.	To	our	knowledge	this	is	the	first	description	of	HIV	isolates	exhibiting	primary	resistance	















tion.	 Portugal	 and	 France,	 the	 two	 first	 targets	 of	 extra-regional	 viral	 dispersion	 from	West	
Africa	[3],	report	a	relatively	high	prevalence	of	HIV-2	infection	(4.5%	[4]	and	1.8%	[5],	respec-
tively).	HIV-2	has	also	spread	to	other	European	countries,	the	Americas,	 India	and	South	Ko-
rea.	 Currently,	 it	 is	 estimated	 that	 approximately	 1–2	million	 people	worldwide	 are	 infected	
with	HIV-2	[6,	7].	HIV-2	is	composed	of	9	groups	termed	A	to	I	of	which	group	A	is	by	far	the	
most	 disseminated	 [8].	 HIV-2	 is	 less	 pathogenic	 than	 HIV-1	 doubling	 the	 average	 time	 from	
asymptomatic	 infection	 to	AIDS	 (from	10	 to	20	years	or	more)	 [9-11].	However,	 if	untreated,	
the	disease	evolves	to	AIDS	and	death	in	20–25%	of	HIV-2	infected	patients.	A	major	problem	
in	this	regard	is	the	impaired	or	null	susceptibility	of	HIV-2	to	some	of	the	currently	available	





Raltegravir	 (RAL),	 the	 first	 integrase	strand	transfer	 inhibitor	 (INSTI,	abbreviated	to	 INI	 in	 this	
paper),	is	active	against	HIV-2	clinical	isolates	in	vitro	with	an	IC50	range	similar	to	that	of	HIV-1	










infected	 individuals	 failing	 RAL-based	 regimens.	 In	 one	 study,	 DTG-containing	 regimens	 have	





mutations	 [31].	 Finally,	major	mutations	 Q148K,	 Q148R	 or	 G118R	were	 detected	 in	 isolates	
from	three	HIV-2	patients	that	 failed	DTG	treatment	following	RAL	failure	[25].	Overall,	 these	


















(DC-5125911).	All	patients	provided	written	 informed	consent	prior	 to	 the	start	of	 the	study.	







type	pROD10	plasmid	was	a	gift	 from	Keith	Peden	 [39].	HEK293T	and	TZM-bl	 cells	were	cul-




























































03PTHDECT 2003 1998 M 209 20968 2003 d4T,3TC,LPVr X4
2 01PTHDESC 2001 1992 F 44 1250 na AZT,	3TC X4
3 03PTHCC1 2003 2001 F 308 <200 2001 DDI,	D4T,	IDV R5
4 03PTHCC6 2003 1992 F 615 <200 1996 AZT,3TC,IDV R5















6 03PTHCC19 2003 2003 F 175 <200 2005 D4T,	3TC,	LPVr R5




8 03PTHSM2 2003 2002 M 275 <200 2002 AZT,	3TC,	DDI R5
9 04PTHSM10 2004 2001 F 265 4792 2002 AZT,	3TC,	NVF X4
10
10PTHSJIG 2010 2005 F 164 4257 na AZT,	3TC,	RAL R5









10PTHSMAUC 2010 2010 M 177 <200 Untreat-
ed
- X4
13 10PTHSMNC 2010 2008 F 231 <200 na SQV,	ABC,	3TC R5/X4









primary	 isolates	 were	 previously	 described	 [41-44];	 two	 new	 isolates	 (15PTHCEC	 and	




The	 50%	 tissue	 culture	 infectious	 dose	 (TCID50)	 of	 each	 isolate	 was	 determined	 in	 a	 single-
round	viral	infectivity	assay	using	a	luciferase	reporter	gene	assay	in	TZM-bl	cells.	Firstly,	10,000	
TZM-bl	 reporter	 cells	were	 seeded	 in	 96-well	 tissue	 culture	 plates	 and	 incubated	 overnight.	
Next	day,	 the	growth	medium	was	removed	and	replaced	by	200	µl	of	 fresh	growth	medium	
supplemented	with	 19.7	 µg/ml	 of	 DEAE-dextran.	 A	 total	 of	 100	 µl	 of	 virus	 supernatant	was	
added	to	the	first	well,	from	which	serial	threefold	dilutions	were	prepared	in	the	next	wells.	
The	assay	was	performed	in	quadruplets.	Cells	were	incubated	with	virus	for	48h,	before	quan-






TZM-bl	 cells.	 First,	 10,000	TZM-bl	 reporter	 cells	were	 seeded	 in	 96-well	 tissue	 culture	plates	










mérieux’s	 easyMAG	 automatic	 extraction	 procedure,	 and	 used	 to	 amplify	 and	 sequence	 the	
last	domain	of	the	pol	gene,	comprising	the	integrase	(293	amino	acids).	RNA	was	then	retro-
transcribed	using	Quiagen	One-Step	RT-PCR	Kit.	A	nested	PCR	was	 then	performed	using	 the	






















ing	 Genotypic	 Resistance-Algorithm	 Deutschland	 (GRADE)	 (http://www.hiv-grade.de/chain/
deployed/grade.pl?program=hivalg),	to	identify	any	mutations	associated	to	resistance	to	inte-
grase	 inhibitors	and	the	corresponding	 level	of	 resistance	determined	by	each	mutation.	The	
sequences	of	the	integrase	gene	derived	from	HIV-2	primary	isolates	were	also	aligned	as	de-





San	 Diego,	 California	 USA,	 www.graphpad.com)	 with	 a	 level	 of	 significance	 of	 5%.	 The	 50%	
(IC50)	inhibitory	concentrations	were	estimated	by	plotting	the	percent	inhibition	of	infection	(y	
axis)	 against	 the	 log10	 concentration	 of	 each	 drug	 (x	 axis)	 and	 using	 the	 sigmoidal	 dose-re-
sponse	 (variable	 slope)	 equation.	 The	 F-test	 was	 used	 to	 compare	 best-fit	 values	 between	














































as	 polymorphisms	 and	 resistance	mutations	were	 investigated.	 All	 new	 integrase	 sequences	
belonged	to	group	A	which	is	the	most	common	HIV-2	group	in	Portugal	and	worldwide	(Figure	











resistant	patients	10	and	14.	 For	patient	10,	 the	 isolate	 from	2010	 (10PTHSJIG)	had	 the	 sec-
ondary	mutations	E92Q	and	T97A	 (Figure	5;	Table	2).	These	mutations	have	been	associated	
with	HIV-2	 resistance	 to	RAL	when	 in	combinations	 such	as	E92A/T97A/N155H,	T97A/Y143C,	
E92Q/Y143C	and	E92Q/N155H	[29,	31,	32,	49].	The	isolate	from	2015	(15PTHSJIG)	had	no	mu-
tations	associated	with	resistance	to	RAL	but	harbored	the	I84V	polymorphism	which	has	been	
associated	with	 resistance	 to	RAL	 [50,	51].	 Isolate	 from	patient	14	 (15PTHCEC)	had	 the	E92A	











enced	and	a	consensus	sequence	 from	 INI-naïve	patients	 (Figure	5).	The	 following	mutations	
were	present	only	in	00PTHDECT:	N170K,	L200S,	I201T,	N202M,	M203T,	I204H	and	T206P	in	the	
catalytic	core	domain.	Of	 these,	only	 I201T	and	T206P	have	been	associated	 to	 resistance	 to	
INIs	in	HIV-1	and	HIV-2	[50].	However,	the	absence	of	these	mutations	in	the	isolate	from	2003	





son	 isolates	 revealed	only	 18	 changes	 (Figure	5B).	 Remarkably,	 only	 two	 changes,	 located	at	
positions	221	and	222,	were	common	to	both	isolates	of	patient	1	and	different	from	patient	7	
and	from	the	consensus	sequence	of	isolates	from	INI-naïve	patients.	Combined,	these	results	














IG	(2010) E92Q,	T97A 8,887.789 Low-level	resistance 40.744 Sensitive
IG	(2015) None 3,297.030 Sensitive 5.308 Sensitive






















Using	 a	 validated	 phenotypic	 assay	 of	HIV-2	 susceptibility	 to	 antiretroviral	 drugs	we	 showed	











confer	 resistance	 to	RAL	 [49]	and	others	 reporting	 that	 it	 confers	 low-level	 resistance	 to	RAL	
[29]	and	DTG	[32].	T97A	may	improve	the	fitness	of	IN	molecules	carrying	the	resistance	muta-
tion	N155H	[49]	and,	when	associated	with	the	Y143C	mutation,	results	 in	a	7-fold	change	in	
HIV-2	 susceptibility	 to	 DTG	 [31].	 Isolate	 15PTHCEC	 carried	 the	 Q148K	 and	 E92A	 mutations.	
E92A	is	a	mutation	less	frequently	described	at	this	residue	and	its	role	in	INI	susceptibility	is	




tion	 often	 select	mutations	 at	 codon	 148	 (Q148K	 or	Q148R)	 [25,	 33].	 This	 usually	 occurs	 in	
combination	with	accessory	mutations	at	codons	151	and	153	and	different	polymorphisms.	In	









Virus	 isolates	 obtained	 from	 treatment-naïve	 patient	 1	 in	 2000	 and	 2003	 (00PTHDECT	 and	
03PTHDECT)	were	sensitive	 to	RAL	but	showed	natural	 resistance	 to	DTG.	To	our	knowledge,	
this	is	the	first	study	to	report	primary	HIV	resistance	to	DTG.	Patient	1	was	infected	perinatally	





ative	 inspection	of	 the	 IN	 sequences	 from	patient	1	with	 IN	 sequences	 from	his	mother	and	
from	the	other	 INI-naïve	patients	 revealed	 that	mutations	 in	codons	221	and	222	 in	 the	car-




termine	 the	ability	of	 integrase	 to	bind	 to	 reverse	 transcriptase	 (e.g.	231,	243,	247)	and	 this	
seems	to	be	important	for	reverse	transcription	and	viral	replication	[54].	We	hypothesize	that	
in	analogy	to	HIV-1,	mutations	at	codons	221	and	222	in	the	HIV-2	integrase	may	mediate	bind-




ty	of	HIV-2	 to	RAL	but	not	 to	DTG	 implying	different	mechanisms	of	 resistance	against	 these	
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ROD10 5.786 - 101.8	(3108.6)
03PTHCC12 0.0002 0.00003 94.4	(11.7)
03PTHCC19 0.0005 0.00009 95.7	(128.5)
03PTHCC6 0.0007 0.0001 94.1	(1413.0)
03PTHSM2 0.0009 0.0002 90.5	(1413.0)
04PTHSM10 0.003 0.0006 95.6	(128.5)
10PTHSMNC 0.005 0.0008 92.4	(1413.0)
01PTHDESC 0.006 0.001 89.1	(1413.0)
10PTHSMAUC 0.006 0.001 84.9	(128.5)
10PTHSMAK 0.001 0.002 92.9	(1413.0)
03PTHDECT 0.036 0.006 76.9	(15488.2)
03PTHCC1 0.103 0.018 92.2	(15488.2)
00PTHDECT 0.105 0.018 84.3	(15488.2)
03PTHCC20 0.161 0.028 90.6	(15488.2)
Median2 0.006 0.001 92.2	(1413.0)
RAL-Experienced
15PTHSJIG 19.980 3297.030 97.7	(31086.8)
10PTHSJIG 53.860 8887.789 85.2	(31086.8)
15PTHCEC 974.000 160726.073 101.1	(30902.9)
















RAL-naïve	 ROD10 0.167 - 98.7	(140.4)
03PTHCC6 0.002 0.014 93.1	(140.4)
03PTHCC19 0.003 0.017 95.6	(140.4)
03PTHCC12 0.004 0.021 95.1	(140.4)
03PTHSM2 0.028 0.168 89.7	(140.4)
10PTHSMNC 0.042 0.251 92.4	(1544.8)
04PTHSM10 0.050 0.299 94.8	(1544.8)
10PTHSMAUC 0.078 0.466 85.4	(1544.8)
03PTHCC1 0.271 1.623 88.7	(33884.4)
03PTHCC20 0.382 2.287 92.4	(33884.4)
10PTHSMAK 0.579 3.466 91.0	(140.4)
01PTHDESC 0.603 3.611 90.3	(33985.8)
03PTHDECT 15.810 94.670 74.1	(16982.4)
00PTHDECT 23.220 139.041 82.2	(16982.4)
Median	2 0.078 0.467 91.0	(1544.8)
RAL-experienced	 15PTHSJIG 0.414 5.308 94.9	(140.4)
15PTHCEC 0.718 9.199 87.8	(33884.4)
10PTHSJIG 3.178 40.744 92.0	(1544.8)



























































ual	 transmission	 is	 urgently	 needed.	 Second-	 and	 third-generation	 polyanionic	 carbosilane	
dendrimers	with	 a	 silicon	 atom	 core	 and	 16	 sulfonate	 (G2-S16),	 napthylsulfonate	 (G2-NS16)	
and	sulphate	(G3-Sh16)	end-groups	have	shown	potent	and	broad-spectrum	anti-HIV-1	activity.	
However,	their	antiviral	activity	against	HIV-2	and	mode	of	action	have	not	been	probed.	Cyto-
toxicity,	 anti-HIV-2,	 anti-sperm	 and	 antimicrobial	 activities	 of	 dendrimers	 were	 determined.	









mice	 after	 two	 consecutive	 applications	 for	 2	 days	with	 3%	G2-S16.	Our	 results	 have	 clearly	
shown	 that	 G2-S16,	 G2-NS16	 and	 G3-Sh16	 have	 high	 potency	 against	 HIV-2	 infection.	 The	
 108
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Human	 immunodeficiency	 virus	 (HIV)	 and	 other	 sexually	 transmitted	 infections	 are	 global	
























One	of	the	most	promising	targets	of	the	HIV	cycle	 is	 the	viral	entry/fusion	process,	which	 is	
divided	into	three	steps:	(i)	attachment	of	gp120	to	CD4,	(ii)	binding	to	CCR5	and/or	CXCR4,	and	
(iii)	fusion	of	the	envelope	with	the	cell	membrane	and	release	of	the	viral	capsid	into	the	cy-
toplasm	of	 the	host	cell	 [18].	Dendrimers	containing	 functionalized	groups	at	 their	periphery	
can	bind	to	their	target	 in	a	multivalent	manner,	providing	a	strategy	for	the	development	of	
potent	viral	entry	inhibitors.	Although	the	antiviral	activity	and	the	mode	of	action	of	carbosi-









that	 polyanionic	 carbosilane	 dendrimers	 G2-S16,	 G2-NS16,	 and	 G3-Sh16	 (generations	 de-
scribed	as	the	number	of	repeating	layers	of	silicon	atoms	forming	the	dendrimer,	Figure	1)	had	
great	 anti-HIV-1	 activity	 in	 vitro	 and	 in	 vivo	 [20–22].	 G2-S16	 and	G2-NS16	 consist	 of	 second	
generation	carbosilane	dendrimer	scaffolds	built	from	a	silicon	atom	core,	which	is	fully	capped	
on	 the	surface	with	16	sulfonate	and	napthylsulfonate	groups,	 respectively.	G3-Sh16	 is	a	sul-
phate-terminated	generation	3	carbosilane	dendrimer,	 silicon-cored	and	also	with	16	anionic	
charges	at	 the	periphery.	The	anionic	groups	are	 in	 the	 form	of	 sodium	salts.	Here,	we	have	
investigated	the	cytotoxicity,	the	anti-HIV-2	activity,	and	the	anti-sperm	and	antimicrobial	activ-
ities	 of	G2-S16,	G2-NS16,	 and	G3-Sh16	dendrimers.	Moreover,	we	 researched	 the	 anti-HIV-2	
activity	of	combinations	of	these	dendrimers	with	tenofovir	and	raltegravir.	In	order	to	discover	
more	about	 the	antiviral	mechanism	of	 action	of	 these	dendrimers,	we	used	 several	 in	 vitro	
experiments	 including:	 attachment	 and	 internalization	of	HIV-2	 in	PBMCs,	HIV-2	 inactivation,	
and	cell-based	fusion	assays.	Finally,	we	show	that	vaginal	application	of	3%	G2-S16	gel	formu-













3717.2	 g	 mol−1),	 G2-NS16	 (C184H244N24Na16O56S16Si13;	 Mw:	 4934.0	 g	 mol−1)	 and	 G3-Sh16	
(C256H508N48Na16O64S16Si29;	 Mw:	 6978.4	 g	 mol−1)	 were	 synthesized	 as	 previously	 reported	
[15,17].	1	mM	stock	solution	of	dendrimers	and	subsequent	dilutions	to	obtain	µM	concentra-
tions	were	prepared	in	distilled	water.	The	reagents	used	as	controls	for	the	inhibition	of	viral	
replication	were	the	peptide	HIV	 fusion	 inhibitor	T-1249	(Trimeris,	 Inc.,	Morrisville,	NC,	USA),	




effects	 by	 the	 solvent.	 The	 level	 of	 DMSO	 was	 previously	 shown	 to	 have	 no	 effect	 on	 cell	
growth/toxicity	[23].	
b.	Cells	
Peripheral	 blood	 mononuclear	 cells	 (PBMCs)	 were	 isolated	 from	 buffy	 coats	 obtained	 from	


















cells	were	 determined	by	MTT	 (3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazo-	 liumbro-



















(PBS;	 Lonza,	 Walkersville,	 MD,	 USA)	 three	 times,	 the	 cells	 were	 then	 lysed,	 and	 cell-bound	
viruses	were	quantified	by	 the	capsid	p24	content	 in	cell	 lysates.	To	measure	 internalization,	
the	same	conditions	were	used,	except	that	PBMCs	were	incubated	with	the	virus	for	2	h	at	37	
°C,	and	washed	 in	acid	wash	 (50	mM	glycine,	pH	3.2;	Sigma)	 to	strip	 the	surface-bound	viral	












nant	 vaccinia	 virus	 expressing	HIV-2	 ISY	env	 gene	 (vSC50).	HeLa	 cells	were	 transfected	 using	
jetPRIME®	 reagent	 (Polyplus-transfection	SA,	 Illkirch,	France)	with	 the	Tat	expressing	plasmid	
pcDNA3.1+/Tat101-flag	following	the	manufacturer’s	instructions	and	infected	with	the	recom-





































specific-pathogen-free	 animal	 facility	 at	 Centro	 de	 Biología	Molecular	 ‘Severo	 Ochoa’	 for	 at	
least	one	week	before	the	experiments	were	conducted.	All	mice	were	maintained	and	treated	
according	 to	 protocols	 approved	 by	 the	 Institutional	 Animal	 Care	 and	 Research	 Committee.	
BALB/c	mice	were	injected	subcutaneously	with	2	mg	of	medroxyprogesterone	acetate	(Depo-
Provera,	Pfizer,	New	York,	NY,	USA)	five	days	before	treatment.	To	determine	mice	number	per	





each	 group).	 G2-S16	 powder	 was	 dissolved	 in	 sterile-PBS	 at	 the	 indicated	 concentration,	 to	
which	HEC	was	added	to	reach	the	final	concentration	of	2.0%	followed	by	continuous	stirring	














Formalin-fixed	excised	 vaginal	 tissues	were	 submitted	 to	 the	Anatomic	 Pathology	 Laboratory	
(Anapath,	Granada,	Spain)	for	embedding,	sectioning	and	evaluation	of	the	hematoxylin-and-	
eosin-stained	tissue	by	an	experienced	pathologist.	Sections	were	mounted	on	slides	and	were	


























































Dendrimer HIV-2 CC50	a	(µM)	 IC50	b	(µM)	 TIc
























cell	 membrane,	 and	 internalization	 of	 the	 viral	 genome	 into	 the	 target	 cells.	 We	 evaluated	
whether	G2-S16,	G2-NS16	and	G3-Sh16	are	involved	in	HIV-2	binding	or	in	entry	steps	in	PHA-
activated	PBMCs.	Virus	attachment	was	measured	at	4	°C,	a	temperature	at	which	membrane	
fusion	and	endocytosis	processes	are	 ineffective.	Virus	 internalization	was	evaluated	by	 incu-

























the	 gp120/CD4	 interaction.	 Therefore,	we	 evaluated	 the	 ability	 of	G2-S16,	G2-NS16	 and	G3-
Sh16	to	directly	inactivate	the	primary	HIV-2	isolates	before	contact	with	PHA-activated	PBM-
Cs.	The	pre-treatment	of	primary	X4-HIV-2	with	10	μM	of	G2-S16,	G2-NS16	or	G3-Sh16	signifi-
cantly	 decreased	 the	 infectivity	 of	 X4-HIV-2	 after	 1	 h	 of	 exposure	 (82–91%	 reduction;	 p	 <	
0.0001).	 This	 pattern	 was	 similar	 to	 that	 observed	 for	 the	 primary	 R5-HIV-2	 (68–81%	
reduction),	but	 the	decrease	was	not	 significant	 (Figure	5).	The	cell	 viability	was	always	over	
80%.	To	summarize,	the	pre-treatment	with	the	dendrimers	for	1	h	decreased	the	infectivity	of	
the	HIV-2	particles	in	a	tropism-dependent	manner,	suggesting	that	the	dendrimers	act	strong-















A	Tat	and	 luciferase-based	 fusion	assay	and	a	 syncytium	counting	assay	were	developed	and	
used	to	assess	whether	the	dendrimers	block	cell-associated	virus	entry.	 In	the	presence	of	a	
HeLa/TZM-bl	 cell	mixture,	 G2-S16,	G2-NS16	 and	G3-Sh16	 efficiently	 blocked	 fusion	 between	
both	 cell	 lines	 in	 a	 dose-dependent	manner	 (Figure	 6A).	We	 also	 observed	 a	 significant	 de-
crease	in	the	number	of	syncytia	when	the	cells	were	pre-treated	with	the	dendrimers,	in	par-
ticular	for	G2-NS16,	which	acts	like	the	fusion	inhibitor	control	T-1249	(Figure	6A).	Inhibition	of	
HIV-2	 CTC	 fusion	 requires	 higher	 concentrations	 of	 each	 dendrimer	 than	 inhibition	 of	 HIV-2	















































































Moreover,	 this	 finding	 is	 consistent	with	 the	 results	 obtained	with	G2-NS16	 and	G3-Sh16	 in	
previous	studies	[22].	
h.	Antimicrobial	activity	
The	 normal	 vaginal	microbiota	 contains	 a	wide	 variety	 of	 bacterial	 species	 that	maintain	 an	
acidic	pH	by	hydrogen	peroxide	and	 lactic	acid	production	 [44].	Alterations	 in	 this	ecosystem	
can	 cause	 several	 vaginal	 infections,	 such	as	bacterial	 vaginosis	 and	Candida	 vaginitis,	which	
represent	the	majority	of	these	infections	among	women	[45].	A	successful	microbicide	has	to	
be	 stable	 and	biocompatible	with	normal	 vaginal	 flora,	 preventing	HIV-2	 transmission	 in	 this	
highly	 complex	microenvironment.	Therefore,	 toxicity	of	G2-S16	against	a	 composite	popula-
tion	of	bacteria	observed	in	normal	vaginal	microbiota	was	analyzed.	No	antimicrobial	activity	
of	G2-S16	(at	10	and	50	μM)	at	24	h	post-treatment	against	the	list	of	microorganisms	cited	in	











































advantages	compared	to	existing	 therapies,	different	mechanisms	to	 inhibit	 the	viral	 lifecycle	
before	 the	 integration	 should	 be	 considered,	 such	 as	 the	 process	 of	 receptor-mediated	 viral	
entry.		








an	 increased	 risk	 for	 HIV	 infection	 [52].	 New	 water-soluble	 dendrimers	 with	 a	 carbosilane	
structure,	which	 are	 characterized	 by	 the	 easy	 availability	 of	 reagents,	 short	 reaction	 times,	
high	reproducibility	and	quantitative	yields	of	reaction,	have	been	synthesized	[15–17].	These	






fluids	 [55].	We	 compared	 the	 half	 cytotoxic	 concentration	 of	G2-S16,	G2-NS16	 and	G3-Sh16	










HIV-2	gp120	protein	(an	area	 implicated	 in	binding	to	the	CD4	receptor)	 [58].	However,	addi-
tional	research	is	needed	to	define	the	mechanism	of	inactivation	occurring.	The	observations	
previously	obtained	by	molecular	dynamics	simulations	support	this	idea	because	the	mecha-
nism	of	 action	 is	 associated	with	 electrostatic	 interactions	 between	HIV	 gp120	 and	different	
functional	groups	of	dendrimers	[20].	However,	the	HIV-2	inactivation	has	not	still	been	studied	
and	 further	experiments	by	molecular	modeling	should	be	performed.	The	ability	 to	prevent	
HIV-2	 binding	 to	 PBMCs	 but	 not	 entry	 can	 be	 explained	 by	 the	 existence	 of	 other	 effective	
mechanisms	 of	 attachment	 besides	 the	 direct	 HIV-2	 fusion	 with	 the	 CD4	 cell	 surface	 (i.e.,	
through	 galactosyl-ceramide,	 ICAM-1,	 LFA-1	 or	 heparan	 sulfate)	 [59],	 which	 are	 beyond	 the	
mode	of	action	of	the	dendrimers.	Another	possibility	is	that	virus-cell	fusion	occurs	with	the	








known	 that	 CTC	 protects	 viruses	 from	 humoral	 immune	 responses	 and	 antiviral	 treatments,	
allowing	the	persistence	of	residual	replication,	and	the	establishment	and	maintenance	of	vi-





show	 that	 dendrimers	 can	 efficiently	 prevent	 cell	HIV-2	 CTC	 albeit	 at	 a	 higher	 concentration	
relative	 to	cell-free	 infection.	These	results	confirm	that	cell-to-cell	 fusion	 is	more	difficult	 to	





trations	and	 life-long	 therapy	 [29,67,68].	Therefore,	 to	prevent	 these	problems	 the	 ideal	HIV	
microbicide	should	combine	different	classes	of	antiretroviral	drugs	acting	in	different	targets	
with	compounds	that	act	in	a	non-specific	way	[18].	Here,	we	have	shown	that	dendrimer/TFV/


















teria	present	 in	normal	vaginal	 flora	showed	very	similar	 response	patterns	compared	to	un-
treated	control,	indicating	that	G2-S16	is	not	an	antimicrobial	and	spermicidal	compound.	The	
results	confirm	that	this	class	of	dendrimers	is	not	spermicidal.	
Several	 polyanionic	 polymers	 as	 entry	 inhibitors	 (i.e.,	 Ushercell,	 Carraguard	 or	 PRO2000)	

















local	mucosa	 to	 the	 regional	 lymph	 nodes	 and	 acts	 against	 the	 infection	 once	 the	 virus	 has	
crossed	the	epithelial	barrier	[77–79].	
Conclusions	
To	 summarize,	 our	 studies	 reveal	 that	 G2-S16,	 G2-NS16	 and	 G3-Sh16	 are	 non-specific	 com-
pounds	 that	 inhibit	 HIV-2	 infection	 acting	 at	 different	 and	 early	 steps	 in	 the	 HIV-2	 lifecycle.	
These	dendrimers	act	directly	on	the	virus,	block	HIV-2	replication	at	steps	prior	to	the	integra-
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New	HIV	 infections	have	 fallen	by	38%	since	2001	 [1].	Nonetheless,	an	estimated	2.1	million	
people	became	newly	infected	with	HIV	in	2015.	The	control	of	HIV	pandemic	requires	the	de-
velopment	 and	 use	 of	 safe	 and	 effective	 prevention	methods.	 Condoms	 can	 be	 an	 effective	
barrier	against	HIV	transmission	but	its	use	is	unreliable	and	often	not	within	the	woman’s	con-
trol	 [3].	 Oral	 pre-exposure	 prophylaxis	 (PrEP)	 with	 tenofovir	 (TDF)	 or	 tenofovir	 disoproxil/
emtricitabine	(TDF/FTC)	can	play	an	important	role	in	HIV	prevention	in	women	[4,5].	Its	effec-
tiveness	 is	highly	dependent	on	adherence	 levels	and,	because	of	the	TDF	component,	 it	can	
cause	a	decrease	in	spine	and	total	hip	bone	mineral	density	[6]	and	a	decline	in	renal	function	









of	 vaginal	 fluid	 and	 semen.	Most	 of	 the	 first	 generation	microbicides,	which	 include	 surfac-
tants,	polyanionic	and	acidifying	agents,	were	abandoned	due	to	safety	issues	and	lack	of	effi-
cacy	 [11-15].	The	new	generation	of	microbicides	contain	antiretroviral	drugs	 (ARV)	with	po-




























structure	 in	 solution,	binds	 strongly	 to	 its	 target	 in	 the	 transmembrane	glycoprotein	and	po-
tently	 inhibits	both	HIV-1	and	HIV-2	 replication	 [22].	 The	high	α-helical	 and	 reduced	 random	
coil	contents	of	P3	are	thought	to	determine	its	high	target	binding	affinity,	and	predict	that	P3	
should	be	more	 resistant	 to	degradation	by	proteolytic	 cleavage	 in	biologic	 fluids	 than	other	









region	 in	 the	 HIV/SIV	 transmembrane	 glycoprotein	 (P3	 amino	 acid	 sequence:	 WQEWE-
QQVRYLEANISQRLEQAQIQQEKNMYELQ).	 P3	 was	 derived	 from	 ancestral	 sequences	 of	 the	
transmembrane	glycoproteins	of	HIV-2	and	SIV	and	potently	 inhibits	HIV-1	and	HIV-2	 replica-
tion	 (mean	 IC50	 for	HIV-1,	 11.0	nM;	mean	 IC50	 for	HIV-2,	 63.8	nM)	 [22].	 The	P3	peptide	was	
produced	commercially	by	Genemed	Synthesis	(San	Antonio,	Texas,	USA).	It	was	modified	with	
the	N-terminus	acetylated	and	the	C-terminus	as	a	carboxamide,	the	salt	form	being	acetate.	
Reverse-phase	 high-pressure	 liquid	 chromatography	 (HPLC)	was	 used	 for	 purification	 (>95%)	
and	mass	spectrometry	for	confirmation	analysis.		
Cell	lines	and	virus	
The	 cell	 lines,	 virus	 and	 culture	 protocols	 were	 described	 in	 supplementary	 information	
(Method	S1).	
Seminal	plasma	and	vaginal	fluid	simulant	















(v/v)	 SP.	 The	 same	procedure	was	done	with	VFS	and	with	 SP+VFS.	Cells	were	 then	 infected	
with	200	TCID50	(in	100	µl)	of	HIV-1	isolate	93AOHDC250	and	incubated	for	48h	before	measur-
ing	 the	 luciferase	activity	with	 the	Pierce	 Firefly	 Luc	One-Step	Glow	Assay	Kit	 (ThermoFisher	
Scientific,	Rockford,	USA)	according	to	the	manufacturer’s	 instructions.	At	 least	 two	 indepen-








unaffected	 by	 SP,	 VFS	 and	 SP+VFS.	 In	 addition,	 peptide	 concentration	was	 determined	 after	
exposure	to	the	above	conditions	by	mass	spectrometry	as	described	below.	
Liquid	chromatography	and	mass	spectrometry	(LC-MS/MS)	analysis	















pH	 and	 oxidation.	 Briefly,	 P3	 solutions	 at	 concentrations	 corresponding	 to	 the	 IC50	 and	 IC90	
were	prepared	in	GM	and	were	incubated	at	25,	37,	and	65°C	for	a	period	of	1	week,	at	37ºC	
for	a	period	of	a	month	and	at	4°C	for	a	period	of	4	months.	The	antiviral	activity	of	each	pep-
tide	 solution	was	 then	 evaluated	with	 a	 single-round	 viral	 infectivity	 assay	 using	 TZM-bl	 re-
porter	cells	and	HIV-1	isolate	93AOHDC250,	as	described	above.		
The	effect	of	pH	on	P3	was	evaluated	at	pH	ranging	from	4	to	8.	Briefly,	IC50	peptide	solutions	
were	prepared	 in	GM	and	 the	pH	was	adjusted	using	HCl	 (1M)	or	NaOH	 (1M).	Each	solution	
was	then	incubated	at	37ºC	for	2,	8	and	24	hours	and	their	antiviral	activity	was	determined	in	



















P3	 (366.4	nM	corresponding	 to	 the	 IC90)	was	 formulated	 in	1.5%	HEC-gel	with	20%	X-Gal	 (5-
bromo-4-chloro-3-indolyl-beta-D-galacto-pyranoside).	 This	 concentration	 of	 HEC	 was	 chosen	
based	in	the	results	of	the	cytotoxicity	assay	and	the	feasibility	of	the	in	vitro	antiviral	assay.		
The	 antiviral	 activity	 of	 this	 gel	 (designated	 P3/X-Gal	 HEC-gel)	 was	 evaluated	 using	 a	 single-
round	infectivity	assay	in	TZM-bl	reporter	cells	(Method	S4).	TZM-bl	cell	line	has	an	integrated	
copy	 of	 the	 β-galactosidase	 gene	 under	 control	 of	 the	 HIV-1	 promoter	 enabling	 simple	 and	
qualitative	analysis	of	HIV	infection	using	β-galactosidase	as	a	reporter	gene.	When	HIV	infects	
TZM-bl	 cells,	 β-galactosidase	 gene	 is	 expressed	 and	 the	 X-gal	 present	 in	 the	medium	 is	 hy-












ous	 time	 intervals	 (0,	30,	60,	120	and	240	min).	 Spermatozoa	viability	was	evaluated	by	dye	
exclusion	 method	 using	 a	 solution	 of	 Eosin	 Y	 (5mg/mL).	 Two	 hundred	 spermatozoa	 were	
counted	 with	 a	 phase-contrast	 microscope	 (Olympus,	 Modell	 BH-2),	 differentiating	 the	 live	
(unstained)	spermatozoa	from	the	dead	(stained)	cells.	Sperm	motility	was	evaluated	in	a	Mak-
ler	chamber	using	a	computer-aided	sperm	analysis	system	(CASA,	Hamilton	Thorne	Research,	
MA,	USA).	 At	 least	 five	microscopic	 fields	were	 assessed	 in	 a	 systematic	way	 to	 classify	 200	
spermatozoa	 motility.	 Each	 spermatozoon	 is	 graded	 according	 to	 cell	 velocity:	 progressive	
motility	(i.e.,>5	µm/s),	non-progressive	motility	(<5	µm/s)	and	immotility	[53].		
Anti-bacterial	activity		
Anti-bacterial	 activity	of	P3	was	determined	according	 to	CLSI	 guidelines	 [54].	 The	Minimum	
Inhibitory	 Concentration	 (MIC)	 was	 determined	 by	 the	 agar	 diffusion	 method,	 in	 plates	 of	
Mueller-Hinton	agar	or	Rogosa	agar	(for	Lactobacilli)	[55].	The	bacteria	used	in	this	experiment	









that	 received	PBS	 (placebo	group)	and	3%	nonoxynol-9	 (N9)	 in	PBS	 (irritation	control	group).	
On	the	eighth	day,	mice	were	sacrificed	and	genital	tract	tissue	were	extracted	and	fixed	in	4%	
paraformaldehyde	 for	 histological	 analysis.	 The	 animals	 were	 distributed	 in	 groups	 of	 three	
mice	each:	group	placebo	only	treated	with	PBS	(1-3),	group	A	treated	with	dose	of	0.06mg/






The	 presence	 of	 histological	 lesions	 in	 mice	 vaginas	 was	 evaluated	 with	 hematoxylin-eosin	
staining.	The	staining	protocol	is	described	in	supplementary	information	(Method	S5).	
The	existence	of	injury	in	vaginal	epithelium,	inflammatory	infiltrate,	vascular	congestion	and/










ods	 were	 performed	 in	 accordance	 with	 the	 relevant	 guidelines	 and	 regulations.	 All	 experi-
ments	involving	human	participants	were	performed	according	to	the	guidelines	and	protocols	
approved	 by	 the	 Ethics	 Committee	 of	 Faculdade	 de	 Farmácia	 da	Universidade	 de	 Lisboa.	 All	

































of	 the	microbicide,	during	 the	shelf-life	of	 the	compound	and	 in	 the	human	body	 [25].	Since	




























pH=6,	 51.33±11.68%;	 pH=8,	 43.67±19.66%;	 pH=7.5	 GM	 (control),	 42.33±15.31%;	 p=0.3004;	
after	8h	incubation-	pH4,	62.67%±0.5774;	pH6,	46.33%±6.658;	pH8,	36.33%±12.420;	pH7.5	GM	
(control),	40.67%±17.01;	p=0.1476;	24h-	pH4,	70.67%±4.509;	pH6,	46.00%±5.000;	pH8,	49.67%
±13.650;	 pH7.7	GM	 (control),	 58.33%±1.155;	 p=0.0510)	 (Figure	 3).	 P3	 activity	 seemed	 to	 be	
potentiated	at	pH=4	after	24h	(Figure	3B)	but	no	significant	differences	were	found	when	com-


















As	 the	 aim	 of	 the	 research	 was	 to	 develop	 a	 P3-based	 HEC	 gel,	 it	 was	 important	 to	 assess	

















tured	 in	 the	 presence	of	 114	μM	of	 P3	 (~300-fold	 higher	 than	 the	 IC90)	 and	 the	 progressive	
motility	and	vitality	of	the	sperm	cells	was	analyzed	at	0,	30,	60,	120	and	240	min	post-treat-
ment.	No	significant	changes	were	found	in	spermatozoa	motility	and	vitality	(Figure	6)	when	













substances	 that	 inhibit	 pathogenic	 organisms	 [30].	 Alterations	 of	 normal	 vaginal	 microbiota	

























of	 several	 layers	of	 cells,	 being	 the	 last	one,	 a	 layer	of	mucous	 cells	 that	was	present	 in	 the	





a	 higher	 number	 of	 cell	 layers	 than	 normal	 condition,	with	 evidence	 of	 papillary	 formations	
into	 the	 submucosa	 (Supplementary	 Fig.	 S5	 E-H).	 There	 was	 also	 an	 inflammatory	 infiltrate	
constituted	 mainly	 by	 polymorphonuclear	 neutrophils	 between	 epithelial	 cells	 which	 some-
times	 formed	 microabscesses	 (Supplementary	 Fig.S5	 H).	 Focal	 ulceration	 also	 appeared	 in	
some	 areas	 of	 the	 tissue.	 This	 inflammatory	 infiltrate	 had	 spread	 to	 the	 submucosa	 with	 a	


















many	neutrophils	were	observed	 inducing	microabscesses.	 In	addition,	hyperplasia	 remained	






















There	 is	an	urgent	need	 for	 female-controlled	HIV	prevention	strategies.	A	safe	and	effective	
vaccine	against	HIV	would	be	 the	best	 solution	but	despite	more	 than	 two	decades	of	HIV-1	
vaccine	 research	 ,there	 is	 still	 no	 efficacious	 vaccine.	 The	 use	 of	 vaginal	microbicides	 is	 one	
strategy	 to	 provide	women	with	 the	 ability	 to	 prevent	 HIV	 transmission	 from	 their	 infected	
partners.	However,	 the	most	promising	microbicides	 tested	up	 to	now,	which	contain	TDF	or	
dapivirine	as	active	drugs,	have	conferred	only	modest	protection	against	HIV-1	acquisition	in	




We	 have	 recently	 described	 a	 fusion	 inhibitor	 peptide,	 named	 P3,	 with	 very	 potent	 activity	
against	HIV-1,	HIV-2	and	SIV	[22,33].	Potent	and	specific	entry	inhibitors	like	P3,	that	are	not	in	





PBS 0.06	mg/day	P3 0.2	mg/day	P3 0.4	mg/day	P3 3%	N9	P3
Mouse	ID 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Epithelial	lesion 0 0 0 1 1 0 1 0 0 4 2 4 3 2 3
Inflammatory	
infiltrate
0 0 0 0 1 0 1 0 2 3 0 2 3 3 3
Vascular	conges-
tion
0 0 0 1 0 0 1 1 2 3 1 2 2 2 2
Edema/fibrosis 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0







PRO	2000)	was	negatively	 affected	by	 the	presence	of	 semen/seminal	plasma	 [13-15,36-38].	
We	investigated	the	stability	and	bioactivity	of	P3	in	the	presence	of	SP	and	VFS	and	found	that	




tion	during	which	 the	vaginal	pH	 is	 increased	 towards	alkaline	values	 (pH>4.5)	 [39];	 such	pH	
changes	may	 contribute	 for	 spontaneous	 hydrolysis	 and	 degradation	 of	 anti-HIV	 compounds	















The	effect	of	H2O2	at	biologically	 relevant	 concentrations	on	P3	was	assess	and	 it	was	 found	
that	 it	maintained	 full	 antiviral	 activity	 suggesting	 that	 it	will	 not	 be	 oxidized	 in	 the	 healthy	
vaginal	environment.	
Vaginal	microbicides	should	not	cause	lesions	to	the	vaginal	epithelium,	which	are	associated	






cide	 should	preserve	 the	normal	 vaginal	microbiota,	 especially	 the	Lactobacillus	 species	 that	










(FCT),	 Portugal	 (project	VIH/SAU/0029/2011),	 part	 of	 the	 EDCTP2	program	 supported	by	 the	













































































































































































TZM-bl	 cells	 (AIDS	Research	and	Reference	Reagent	Program,	National	 Institutes	of	Health,	USA)	were	
cultured	 in	 complete	 growth	medium	 that	 consists	 of	 Dulbecco’s	minimal	 essential	medium	 (DMEM)	
supplemented	with	10%	fetal	bovine	serum	(FBS),	100	U/ml	of	penicillin-streptomycin	(Gibco/Invitrogen,	
USA),	 1mM	of	 sodium	pyruvate	 (Gibco/Invitrogen,	USA),	 2mM	of	 L-glutamine	 (Gibco/Invitrogen,	USA)	
and	1mM	of	non-essential	amino	acids	(Gibco/Invitrogen,	USA).		
Peripheral	blood	mononuclear	cells	(PBMCs)	from	healthy	individuals	(blood	donors)	were	separated	by	
Ficoll-Paque	PLUS	 (GE	Healthcare,	Waukesha,	WI,	USA)	density	 gradient	 centrifugation	and	 stimulated	
for	3	days	with	5	μg/ml	of	phytohemaglutinin	(PHA;	Sigma-Aldrich,	St.	Louis,	MO,	USA).	PBMCs	cultures	
were	maintained	 in	 RPMI-1640	medium	 supplemented	with	 10%	 FBS,	 100	 U/ml	 of	 penicillin-strepto-









by	masturbation.	 The	 volunteers	had	no	 recent	history	of	 sexual	 transmitted	 infections,	 no	urogenital	


















filtered	 (0.20	 mm	 PVDF	 membrane;	 Chromafil®Xtra	 from	 Macherey-Nagel®)	 just	 before	 analysis.	 All	
samples	were	analyzed	as	 triplicates.	Experiments	were	performed	 to	 confirm	 that	 this	procedure	did	
not	interfere	with	the	concentration	of	the	analyte	in	the	standard	solutions.		




















































































contributed	 for	 the	 development	 of	 an	 effective	microbicide	 against	 HIV-1	 and	 HIV-2	 sexual	





























codon	148	plus	one	or	 two	 secondary	mutations	 could	also	 compromise	 the	efficacy	of	DTG	
(59%	and	24%	viral	inhibition,	respectively)	[2].	However,	in	vitro	studies	performed	by	Smith	et	
al.	with	site	directed	mutants	showed	that	Q148K	had	only	moderate	effect	on	the	reference	






HIV-2	 high-level	 resistance	 to	 RAL	 but	 do	 not	 significantly	 affect	 HIV-2	 susceptibility	 to	DTG.	
Possible	reasons	for	such	different	results	may	be	the	type	of	viruses	tested	(molecular	clones	
[4],	mutated	HIV-2	 integrases	[6,	7]	or	HIV-2	primary	 isolates	[2]),	different	cell	 lines	and	also	
different	methods	used	to	measure	resistance.	Future	studies	should	be	performed	using	site-







value	 that	was	14.9-fold	 lower	 (of	0.161nM).	These	differences	 in	 IC50	 are	probably	a	 conse-
quence	of	the	different	cells	and	assays	used	by	the	different	authors	(Table	1).	In	fact,	studies	

















































































































































Importantly,	we	demonstrated	 for	 the	 first	 time	primary	 resistance	 to	DTG	but	not	 to	RAL	 in	
two	isolates	of	a	patient	that	was	infected	by	his	mother	at	birth.	This	is	the	first	time	that	pri-
mary	 resistance	 to	DTG	 is	 reported	 in	 a	 treatment	 naïve	HIV	 infected	patient.	 Primary	 resis-
tance	to	DTG	evolved	independently	in	this	patient	as	his	mother	was	fully	sensitive	to	DTG	and	
RAL.	 K221Q	 and	 D222K	 substitutions	 in	 the	 integrase	 carboxi-terminal	 domain	 (CTD)	 were	
found	to	be	the	most	likely	determinants	of	the	natural	resistance	to	DTG.	
Studies	performed	with	HIV-1	have	 shown	 that	 IN	binds	RT	and	 facilitates	 the	early	 steps	of	























ty	 to	prevent	 the	allosteric	binding	of	 these	two	enzymes	could	be	an	additional	 resource	to	
block	HIV	replication.		
Another	 interesting	possibility	that	can	explain	the	resistance	to	DTG	observed	in	patient	1	 is	
the	presence	of	mutations	outside	 the	 IN	gene.	 For	HIV-1,	most	 IN	 resistance	mutations	 are	
selected	within	the	catalytic	site	of	 the	enzyme	[21,	22],	however,	a	significant	proportion	of	





























Overall,	 our	 findings	 prove	 that	DTG	has	 a	 highly	 potent	 activity	 against	most	 primary	HIV-2	
isolates	 including	those	that	have	acquired	resistance	to	RAL,	being	an	important	therapeutic	
option	 for	both	RAL-naïve	and	RAL-failing	HIV-2	 infected	patients.	However,	 the	 fact	 that	pri-
mary	resistance	to	DTG	was	found	in	one	patient	without	known	IN	resistance	mutations	points	
to	possible	 limitations	 to	 the	use	of	DTG	as	 first	 line	ARV	 for	HIV-2	 infection,	unlike	RAL,	 for	















So	 far,	 the	 only	 successful	 clinical	 trial	 with	 microbicides	 to	 prevent	 HIV-1	 infection	 was	





therapeutic	 regimens	 [31].	Hence,	 one	priority	 in	 this	 field	 is	 to	 find	new	microbicide	 candi-
dates	that	 interfere	with	the	 life	cycle	of	HIV-1	and	HIV-2	but	are	not	based	on	ARV	drugs	 in	
current	use.		
In	this	work,	we	evaluated	the	potential	use	of	two	different	molecules	as	vaginal	microbicides:	










In	 our	work,	 new	 dendrimers	 G2-S16,	 G2-NS16,	 and	 G3-Sh16	were	 tested	 for	 the	 first	 time	
against	R5	and	X4	HIV-2	primary	isolates	and	their	mechanism	of	action	was	determined.		
It	was	shown	that	dendrimers	G2-S16,	G2-NS16	and	G3-Sh16	potently	 inhibited	both	R5	and	
X4-HIV-2	 primary	 isolates.	 The	 dendrimer	with	 best	 inhibition	 values	was	G2-NS16,	 reaching	
>93%	of	viral	inhibition.	Dendrimers	bound	to	target	cells	and	perturbed	the	ability	of	the	viral	
envelope	 to	 interact	with	 its	 cell	 surface	 receptors,	 especially	 dendrimer	G2-NS16,	 that	 best	
blocked	the	virus-cell	attachment	and	viral	entry	in	the	experiments	performed.	Besides	acting	







spread,	 that	 can	 overcome	 several	 barriers,	 like	 distance	 between	 infected	 and	 target	 cells,	

















scribed	 for	 dendrimers	G2-NS16	 and	G3-Sh16	 in	 a	 previous	 study	 [46].	 Recently,	 it	was	 also	







while	 preventing	 HIV-2	 transmission	 [44].	We	 showed	 that	 dendrimer	 G2-S16	was	 not	 toxic	






































Peptides	 and	proteins	 have	 great	 potential	 as	 therapeutics,	 already	 representing	 10%	of	 the	













ty,	 due	 to	degradation	and	poor	absorption	 in	 the	gastrointestinal	 tract,	which	 is	 the	 reason	
why	most	peptides/proteins	are	formulated	for	intravenous	or	subcutaneous	delivery	[61,	68,	
69].	Vaginal	delivery	of	small	peptides	as	microbicides	can	overcome	these	limitations,	because	






resistant	 to	 degradation	 by	 proteolytic	 cleavage	 in	 biologic	 fluids	 than	 other	 fusion	 inhibitor	














markably,	 the	higher	antiviral	activity	of	P3	was	obtained	at	pH=4,	which	 is	very	close	to	 the	
normal	pH	of	the	vagina	(3.5	–	4.5).	The	fact	that	P3	was	active	at	pH	6	and	8	is	also	advanta-
geous,	because	several	vaginal	infections,	such	as	bacterial	vaginosis,	caused	by	excessive	pro-


































also	 active	 against	 SIV	 [67].	 It	would	 also	be	 interesting	 to	 study	 if	 P3	 as	 anti-HSV-2	 activity,	
thus	being	able	to	be	formulated	as	a	microbicide	with	dual	action.	
If	 the	 antiviral	 activity	 decreases	 in	mice	 experiments,	 it	will	 probably	 be	 caused	by	peptide	
degradation	or	poor	absorption	and	there	are	some	modifications	that	can	be	made	to	P3.	One	
option	 is	carrier	systems,	such	as	nanoparticles	 (dendrimers,	micelles,	 liposomes	or	nanosus-
pensions)	which	have	 already	been	 studied	 as	 carriers	 of	 proteins	 and	polypeptides	 [78-80].	












highly	 stable	 in	physiologic	 conditions,	have	an	excellent	 safety	profile	 and	have	very	potent	
antiviral	activity,	suggesting	that	they	may	be	useful	as	vaginal	microbicides.	Prevention	studies	
with	microbicides	containing	these	and	other	entry	inhibitors	are	warrented	in	animal	models.	
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